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The paper is focused on designing a novel controllable and adjustable mechanism for reproducing human 
knee joint’s complex motion by taking into account the flexion/extension movement in the sagittal plane, in 
combination with roll and slide. Main requirements for a knee rehabilitation supporting device are specified by 
researching the knee’s anatomy and already existing mechanisms. A three degree of freedom (3 DOF) system 
(four-bar like linkage with controlled variable lengths of rockers) is synthesised to perform the reference path of 
instantaneous centre of rotation (ICR). Finally, a preliminary design of the adaptive mechanism is elaborated and 
a numerical model is built in Adams. Numerical results are derived from simulations that are presented to 
evaluate the accuracy of the reproduced movement and the mechanism’s capabilities.  
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1. Introduction 
 

The human knee is the largest and one of the most complicated articulations in the human body. 
The movement of the knee joint involves abduction/adduction, as well as internal/external rotation, but it can 
be simplified to 1 DOF (one degree of freedom) with the main movement of flexion/extension in the body’s 
sagittal plane. It has already been discovered that even this movement is not just a simple rotation in a hinge. 
In fact, it constitutes a more complex combination of slide and roll, emerging from the knee’s anatomy, 
particularly from the shape of cooperating joint surfaces of the femur and tibia bones and the cruciate 
ligaments (Fig.1). For this reason the instantaneous centre of rotation (ICR) of the knee joint changes 
its position with the angle of flexion. The trajectory of ICR is different for each person and can also vary 
for one person depending on various conditions, like for instance the loading of the leg with outside forces. 

In the past the knee’s complex motion was not always seriously taken into consideration, for instance 
in designing the devices supporting the knee joint like orthoses or assisting in exercises and movement based 
rehabilitation (kinesiotherapy). Since then, much research has been carried out on understanding this 
movement and applying it into devices. The knee’s trajectory during walking can be characterized with 
various measurement systems, for example CaTraSys (Varela et al. [1]). Nowadays, this knowledge is 
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common and orthotic devices use various mechanisms to reproduce the approximately proper motion. The 
well-known knee model based on a crossed four-bar mechanism is partially derived from the knee’s 
anatomy, particularly the anterior and posterior cruciate ligaments behaviour may be simplified by two 
crossed bars (Fig.2) (Ciszkiewicz and Knapczyk [2]). 
 

                     

  
In the case of exoskeletons that are used by healthy people for walking or increasing the strength and 

endurance, such an accurate reproduction of the joint’s movement is not necessary and for most of designed 
devices it is not taken into account (Lovasz et al. [3]; Liang et al. [4]). As regards the kinesiotherapy and 
biomechanics, the knee joint is also often simplified and considered as a hinge (Tate [5]). However, in these 
cases it is not considered a proper model, since unnatural movement may be exerted on the knee causing 
discomfort and pain. It may even damage the internal tissue or limit the range of motion (ROM) (Tate [5]) 
resulting in joint dysfunctionality. Pathological changes in the knee joint can occur as a consequence of the 
ICR path change during the motion (Gerber and Matter [6]). For a joint rehabilitation device, whose purpose 
is restoring the proper ROM, function of muscles, nervous system, as well as supporting the regeneration of 
tissue, bones and cartilage by bringing them under naturally occurring loads, it is necessary to take into 
account the complex movement. Its omission could entail unforeseen negative consequences for the health of 
the patient or at least contribute to ineffective treatment. As a result, abnormal motion, inadequate ROM or 
joint motion pattern different from the intended and from the one occurring in a healthy patient’s leg can 
persist. Harmful compensation mechanisms may be also developed, meaning exaggerated usage of for 
instance other muscles and joints to compensate for the lack in the knee joint’s movability and ROM 
(Ogrodzka et al. [7]). 

On the other hand, the possibility of considering the knee joint only approximately as a hinge is 
acknowledged in some cases in biomechanics (Huston [8]). Moreover, the amount of publications and 
research in this field like for example (Gerber and Matter [6]; Wiczkowski and Skiba [9]; Nägerl et al. [10]) 
proves that this difference in the motion sometimes is considered very little and is omitted, but it is 
something that should not be forgotten not only in prosthetic applications, but also when dealing with 
devices closely cooperating with the human knee joint during movement. 

 
2. Motivation and problem formulation 
 

 In the case of the knee joint, there are solutions which can reproduce the joint's true motion in a 
significantly precise way. In terms of functionality, those devices can be categorized into two types. First, 

Fig.1. The human knee joint’s anatomy with visible 
cruciate ligaments. 

     Fig.2. The left knee with an equivalent crossed 
four-bar mechanism. 
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devices to some extent universal are designed for people meeting certain physical and anatomical 
requirements. One of them is Kincom that is a device using a polycentric hinge with a Chebyshev 
mechanism to approximately trace the ICR trajectory (Kim et al. [11]). Another one is Geo-Flex knee that is 
a friction-controlled polycentric knee. It was created for amputees who need stability and want to avoid a 
manual locking knee (Wiest [12]). 

The other group is constituted by devices that in most cases are adapted to individual features of the 
patient joint’s structure as for instance to the leg segments’ lengths. Those devices include prostheses which 
must reflect accurately enough the patient’s leg movements, so as not to cause discomfort, particularly with 
regard to the patient’s other healthy leg’s motion. Solutions of this type are often based on the so called 
“bionic-knee”, which tries to precisely mimic the human natural movements by imitating the construction of 
a human joint. The shapes and structure of bones and even the meniscus operation are included ensuring an 
adequate flexion/extension movement compatible with the motion of the human knee (Nägerl et al. [13]). 
However, due to the fact that for each person this movement is characterized by the specific ICR centrode 
occurring throughout the change of knee’s flexion angle, the device has to be adapted to individual features 
by differentiating its structure in geometry and shape. This way the knee joint used in devices supporting 
locomotion and kinesiotherapy can be built. Frequently, those devices are also based on solutions using gears 
(Lovasz et al. [14]; Gastaldi et al., [15]) or a cam mechanism with appropriately shaped elements (individual 
for each patient) enabling achievement of the user’s natural flexion/extension characteristic. 

Both groups of devices have some limitations and drawbacks. In the first type they do not enable full 
reproduction of the joint’s movement and because of the application only to a certain group of people, the 
number of potential users becomes diminished. The other mentioned group attempts to overcome these 
disadvantages by manufacturing equipment for an individual patient, but this entails the need to produce 
another device for each new user or at best a fairly substantial reconstruction, which cannot be performed 
quickly by medical personnel. It also cannot be forgotten that along with the therapy’s progress the patient's 
individual characteristics concerning the rehabilitated joint or the required rehabilitation movements may be 
altered. Thus, there is a need to readjust the device to the patient or rehabilitation with not exactly 
appropriate characteristics of a device will be performed. All these aspects contribute to limiting the 
possibility of application and the obtained rehabilitation results for both groups of devices. 

For the above reasons, this paper is focused on the design of a novel mechanism for the knee joint 
having the capability of dynamic adaptation in real-time to the required ICR trajectory. The designed device 
will be able to step by step improve the motion adjusting little by little the trajectory to the correct one. The 
objective of the study consists in creating a device that can be a support for the knee joint's rehabilitation by 
finding an appropriate kinematic structure to check and show the feasibility of the designed solution. 
Simulations as well as evaluation of the device's operation and capabilities have been carried out. 
 
3. The mechanism’s design 
 
3.1. Topology search and design optimization 
 

Type synthesis was conducted aiming to find a novel mechanism solution for the knee joint by 
improving mimicking the movement that is performed by a human knee, particularly through the achieved 
ICR trajectory. The search has been performed with a formalized intermediate chain method to obtain the 
possible solutions, graphic forms of intermediate chains and basic schemes. At the beginning a simplified 
mechanism for the knee was searched with 1 DOF. The exploration process and the variety of achieved 
mechanisms is presented in (Olinski et al. [16]). A set of kinematic schemes of the mechanism (Fig.3) has 
been found and the solution B was chosen as the most appropriate and useful for adapting it to the complex 
knee movement introducing additional DOFs. This solution is the mentioned model of the knee joint that is 
based on a four-bar mechanism. The introduced improvement is based on variable length elements with 
prismatic joints instead of two bars (L2, L3). This way solution Ba (Fig.4) has been obtained. The proposed 
new mechanism can be characterised as based on a modified Chebyshev mechanism with 2 additional DOFs 
having a total of 3 DOFs, to get a controlled adaptive polycentric hinge. 
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 Furthermore, another possibility of introducing additional DOFs has been studied. A mechanism 
with the variable length element has been worked out as a two-bar mechanism with rotational joints in the 
form of solution Bb (Fig.5) with nearly the same design parameters, but with rotational motors R instead of 
cylinders S. Further research and simulations were performed with the original solution, since its structure 
was considered less complicated and more suitable for accurate control of the movements. However, the 
second solution will be investigated in future research, since it may occur to be easier to apply and may offer 
a wider range of the reachable ICR trajectories as due to the limited cylinders’ strokes. 
 

 

 

Fig.3. Examples of searched variety of the mechanisms 
(Olinski et al., 2015). 

  Fig.4. Kinematic scheme of the original proposed 
mechanism with translational motors. 

Fig.5. Kinematic scheme of the modified proposed 
mechanism with rotational motors. 

Fig.6. The knee’s coordinate systems used for 
specifying the reference ICR trajectories. 
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The idea of introducing variable length elements in a crossed four-bar mechanism for a better knee 
motion reproduction is not completely new. For instance, it has been mentioned in (Moser [17]), but it was 
not developed further, since it was considered too complicated and possibly shaky. However, the mentioned 
potential problems are considered in this paper by reducing the number of variable length elements to only 2 
crossed bars and introducing full control of their lengths by applying mechatronic motions (translational or 
rotational). 

As a next step an optimal kinematic synthesis of the mechanism dimensions has been performed by 
specifying the design of the structure, especially the dimensions of a four-bar linkage capable of reproducing 
the ICR trajectory close to the actual displacement in the human knee. The equations 3-8 in the article 
(Walker [18]) describe the average displacement of ICR according to the flexion of the knee joint in the 
range of 0 - 120°. These relations were used in article (Bertomeu et al. [19]) to generate the trajectory of the 
knee’s ICR in the sagittal plane (y, z) in a computed plot. This particular curve was adapted as a reference 
ICR trajectory called Walter et al. model (Bertomeu et al. [19]). In this paper, the trajectory had to be 
properly modified to fit the point of origin and orientation of the designed structure’s new coordinate 
system {G} (Fig.6). The used local coordinate system {L} is the one in article (Bertomeu et al. [19]) with the 
ZL axis fixed with the tibia bone’s surface, whereas the global system {G} is fixed with the leg’s axes of the 
sagittal plane YG, ZG (ZG coincides with the tibia bone’s long axis). In order to achieve the correct shape of 
the reference curve it was rotated by 10° and translated along y, z axes. As a result, the obtained reference 
ICR trajectory was used during the optimization process and later for simulations. It is presented in the plot 
(Fig.7 - I) together with other 2 close example trajectories (II, III), since the ICR trajectory is specific for 
each person. In addition, the two placed broader boundary trajectories (IV, V) are presented and applied 
during simulations as a reference for evaluating the capabilities of the designed mechanism in generating 
different shapes and ranges of trajectories. 
 

 
 

Fig.7. The ICR trajectories used as reference during simulations. 
 
In order to achieve the structure capable of generating the chosen reference ICR trajectory the 

mechanism elements’ dimensions of the four-bar mechanism were optimized. The optimization of the four-
bar linkage design for a specific path was described in (Buśkiewicz [20]) by means of evolutionary 
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algorithm. However, in this paper an optimization was started using the SAM ARTAS - Engineering 
Software with the initial dimensions of the crossed four-bar mechanism from the device Kincom (Kim et al. 
[11]). The motion was imposed on the femur in the range of 0 to 120° with an appropriate equivalent 
mechanism, whereas the used sliders, connected by a revolute joint, constituted equivalent mechanism for 
determining the ICR position (Fig.8). The mentioned curve based on Walter et al model (Fig.7 - I) was used 
as a reference trajectory. By changing the positions of the elements’ vertexes in SAM a mechanism 
performing approximately the desired motion and nearly realizing the reference ICR trajectory was reached 
as reported in Fig.8. 
 

                  
 

 
The computed dimensions were used as a starting point for building a crossed four-bar numerical 

model in Adams software and for performing further thorough optimisation. The aim of optimisation was to 
decrease the difference between the obtained and reference ICR trajectories. This requirement was formed by 
formulating the objective function 
 

    O O Z Y
n 2 2

MIN R Ri 1
i

f Z Y

     
                                                               (3.1) 

 
where ZR, YR, ZO, YO are the (Z, Y) coordinates of reference and obtained trajectory’s subsequent points. The 
optimised variables included l1, l2, l3, l4, ZA, YA, α and β (Fig.8). During the optimisation process the values of 
variables were changed in search of the objective function’s minimum average value. After obtaining the 
optimal dimensions enabling a fairly accurate generation of the reference trajectory, the numerical model in 
Adams was modified, according to the previously chosen kinematic scheme (Fig.4), by adding 2 DOFs in the 
form of variable length crossed bars to get the final design of the mechanism shown in Fig.9. This model was 
applied for performing couple of simulations in order to evaluate its movement’s accuracy and capabilities. 
 

Fig.8. The approximately optimal model built in 
SAM software with acquired (solid line) and  
reference (dotted line) ICR trajectories.

Fig.9. The final mechanism’s model in Adams with 
optimal dimensions and variable length crossed 
bars.
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Fig.10.  The CAD shape design of the mechanism applied to a knee joint rehabilitation supporting device 

modelled in Solidworks. 
 
The mechanical interface was also computed. Basing on the obtained adaptive model a CAD design 

and assembly of novel device for the knee joint was elaborated in the Solidworks program as shown in 
Fig.10 in order to design the elements’ shapes more precisely. 
 
3.2. Basic performance of designed mechanism 
 

The novel designed mechanism will have the possibility of a very accurate adjustment of the ICR 
trajectory to individual needs thanks to the additional DOFs. The obtained ICR trajectory is estimated to be 
characterized by a very small deviation from the desired natural movement for the human knee. The 
possibility of real-time adjustment of the mechanism’s elements (lengths of crossing bars) to control the 
position of the ICR can be considered one of the main advantages. Thus, an improvement of the 
rehabilitation process can also be predicted by increasing the patient’s comfort and reducing the level of 
pain, since the proper trajectory of knee joint’s ICR movement can be achieved in little steps. As for finding 
the mentioned proper trajectory the biomechanics of the patient’s second knee joint can be treated as a 
reference and this could be measured by the same device. In many cases, the proper reference trajectory may 
be also provided by a qualified physiotherapist, who will guide the leg in an appropriate manner during a 
reference training session. This movement can be then measured, saved and reproduced by the device. 

The mechanism will be especially useful when dealing with various kinds of soft injuries like twists 
or ligaments and tendons’ injuries, e.g., damage to collateral ligament (Tate [5]). The reason is the fact that 
in such cases the biomechanics of the joint can be distorted and the natural movement of the knee may not 
occur. The designed novel mechanism is expected to be applied in various devices for the human knee 
support (orthoses) and rehabilitation devices, possibly even as knee replacements (implants) to adjust in real 
time to the proper knee motion. 

 
4. Results of simulations 
 

The final model of the designed adaptive crossed four-bar mechanism in Fig.9 was used for 
performing dynamic simulations in Adams. The numerical model was loaded vertically on the femoral link 
with V = 1kN force simulating the human body weight. The degree of compatibility between the obtained 
and the reference ICR trajectories was studied particularly in terms of the trajectories deviation. Moreover, 
the cylinder’s strokes and force ratios were determined. 
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Table 1. Numerical results of simulations. 
 

No. 
The model / 
Reference 

trajectory (Fig.7) 

Cylinder’s stroke Cylinder’s force ratio 

ΔS1 
[mm] 

ΔS2 
[mm] 

ΔS3 
[mm] 

F1/V 
[-] 

F2/V 
[-] 

F3/V 
[-] 

1. 4 bar model / 
I Walter et al - - 78.06 - - 0.70 

2. Adaptive model / 
I Walter et al 11.02 5.64 78.06 0.93 1.59 0.76 

3. Adaptive model / 
IV Limit Upper 20.02 10.38 81.74 1.05 0.19 0.92 

4. Adaptive model / 
V Limit Lower 21.77 15.91 81.70 1.10 1.92 1.04 

 
Four experiments are listed in Tab.1, whose results were illustrated with appropriate plots and 

derived numerical values. First experiment was conducted with the four-bar mechanism with optimal 
dimensions, but still without the variable length elements. The results obtained in this case (Fig.11) showed 
that the reference trajectory could be approximately achieved and the maximum relative error in z, y axes 
was equal to 7.51% and 0.97% respectively. 

 

 
 

Fig.11.  Comparison of the reference ICR trajectories (green marks indicate their points) with the obtained 
trajectories from 4 simulations in Adams. 

 
Further three experiments were conducted on the final adaptive mechanism in reference to the 

chosen trajectories (Fig.7 - I, IV, V). In these simulations it was observed that the desired trajectory could be 
exactly achieved (Fig.11). The upper and lower limit trajectories (IV, V) were achieved during experiments 
number 3 and 4 (Fig.11). The results suggest that nearly any trajectory within the area formed by two 
boundary trajectories can be achieved using the developed mechanism. This statement is also further 
supported by the precise numerical results, derived from (Fig.11), showing very little deviation from the 
reference trajectories. 
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Fig.12. Experiment No. 2 - the length changes of the cylinders. 
 
The conducted simulations were used also for measuring the length changes in the mechanism 

cylinders (Fig.12 - Fig.13) and force ratios exerted in these motors. As an example force ratios for the second 
experiment were presented in plot (Fig.14). 

 

 
 

Fig.13. Experiment No. 3 and No. 4 - the length changes of the anterior and posterior cylinders. 
 

 
 

Fig.14. Experiment No. 2 - the measured force ratios exerted by cylinders. 
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The maximum strokes of the anterior, posterior and main cylinders were obtained during all 
simulations and they were approximately equal to 21.77mm, 15.91mm and 81.74mm respectively, whereas, 
the maximum absolute value of the force ratio required by cylinders was computed as 1.10, 1.92 and 1.04 
respectively. The results of cylinder strokes indicate that it is possible to build the designed mechanism with 
variable length bars, since they are sufficiently small to fit in the limited space. However, in order to achieve 
an appropriate resolution of control a special type of motor might be required. 

 
5. Discussion 

 
The designed mechanism renders it possible to control the movement of the ICR and to generate 

accurately various desired reference trajectories. The proposed mechanism constitutes a compromise solution 
between the complexity of the mechanism and the accuracy of the human anatomical movement 
reproduction. On the one hand, it is a simplified model of the human knee mechanism concentrating on the 
main flexion/extension movement just in the sagittal plane. In this way it constitutes a simplification of 
already developed complicated and complex models taking into consideration the 3D movement, meniscus, 
patella (Ciszkiewicz and Knapczyk [21]) and other elements that are based mainly on bone surface 
cooperation (Ciszkiewicz and Knapczyk [2]). On the other hand, the proposed solution is an advance with 
respect to the other existing mechanisms, since it takes into consideration the complexity (roll and slide) of 
flexion/extension movement. 

The advantage of this mechanism over those already existing is mainly the structure that is simplified 
to planar motion, but nonetheless it has the ability to reproduce the human knee movement with a satisfying 
accuracy. Above all, it can be controlled and it allows real-time trajectory’s modification and adjustment, 
since the mechanism’s geometry can be changed accordingly to the needs during user’s motion in order to 
achieve movement of a better quality. Even many existing mechanisms that reproduce the movement in 3D 
space lack this possibility, which may be very useful while restoring the proper human movement. In many 
cases this kind of simplified mechanism can produce a sufficiently accurate pattern of motion. 

The question whether the application of just one additional DOF instead of 2 DOFs could be 
sufficient for achieving the desired range of trajectories is still open. There is a possibility that if just one of 
the crossed bars is length-variable, then the obtained trajectories could be less accurate and also the range of 
capabilities could be limited. It would cause a greater stroke and force demand from the one introduced 
cylinder. For this reason, for initial research it was chosen to use 2 additional DOFs to be able to achieve a 
wide range of trajectories. 

Regarding its application, such mechanism, exactly imitating the movement of the knee's rotation 
axis during flexion, may be suitable for correcting motion pattern and the ICR trajectory for soft injuries 
associated with muscles, ligaments, etc. As regards the hard injuries related with fractures, which may have 
not been completely properly set, there are rather no attempts to intervene in the occurring incorrect motion 
axis by exercises alone. 

 The adaptation of the mechanism for many people with different ranges of the ICR trajectories is 
also possible. However, this range is limited, since the required trajectories may reach beyond the achievable 
space. The solution to this issue could be a modular structure of the mechanism with interchangeable 
elements of different lengths. This way by replacing some of the mechanism’s elements, the range of 
achievable trajectories could be expanded and the mechanism could be adapted to more individual needs. 
Nevertheless, the main advantage of the proposed mechanism is the possibility of real-time control and 
obtaining accurate trajectory that may be changed little by little. 

The specific device presented in this article, using the novel designed mechanism can be considered 
at first to be used for the kinesiotherapy of the knee joint and once further developed for human movement 
measurements. Moreover, the designed mechanism is not only useful in rehabilitation and understanding 
human biomechanics, but also is likely to find application in prostheses, implants, as well as robotics, 
especially humanoid robots and exoskeletons. 
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6. Conclusions 
 

Anatomy and biomechanics of the human knee joint have been studied to identify and characterize 
the complex movement in the human knee as a combination of roll and slide. Requirements and problems for 
knee rehabilitation assisting device have been determined. These include, among others, generating 
physiological movement with particular attention to the ICR displacement with the joint’s full ROM, since 
the application of mechanisms incompatible with human joints may damage the internal tissue, limit the 
joint’s ROM, as well as cause pain and discomfort to the user. 

The work on designing a novel device for the human knee joint included expanding the already 
completed part of type synthesis. In order to reproduce the ICR trajectory two possible novel solutions, based 
on linear and rotational actuators, were obtained. The mechanism’s dimensions were optimised to minimise 
the difference between the reference and obtained ICR trajectories. An adaptive model of crossed four-bar 
mechanism has been designed, its numerical model was built in Adams and the shape design has been 
performed by making a preliminary model in Solidworks. Kinematics of the novel mechanism provide good 
reproduction of the physiological movement. One of the main objectives, i.e., accomplishing the given 
motion with very minor deviation was achieved, since a very small trajectory deviation of the knee’s ICR 
from the reference trajectory has been computed during simulations. Furthermore, the simulation results of 
cylinders required strokes and forces suggest that it should be possible to build such a device. Above all, the 
possibility of adjustment in real-time to individual patients’ needs is provided by the mechanism. The 
expected improvements in rehabilitation process include the possibility of restoring the physiological 
movement, increasing comfort and reducing pain by correcting the trajectory in little steps. 

Simulations were already worked out, but further research and work in this field will be necessary. 
The final research step would be building a prototype and testing the mechanism’s capabilities. 
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Nomenclature 
 
 A, B, C, D – vertex points of four-bar mechanism elements  
 DOF – degree of freedom 
 Ex. – experiment number in Tab.1 
 Fi/V – maximum absolute value of force’s ratio for the particular cylinder 
 fMIN – objective function used for dimension’s optimisation 
 {G} – mechanism’s global coordinate system fixed with the leg’s axes of the sagittal plane  
 ICR – instantaneous centre of rotation 
 {L} – local coordinate system used in article (Bertomeu et al. [19]) with the ZL axis fixed with the tibia bone’s 

surface 
 li  – lengths of mechanism’s elements (i: 1 – femoral link, 2 – anterior, 3 – posterior, 4 – tibial link) 
 ROM – range of motion in the joint 
 V – value of the vertical force loaded on the femoral link of the numerical model  
 ZA, YA – coordinate frame at the fixed point A of the tibial link 
 ZR, YR – (Z, Y) coordinates of reference trajectory’s subsequent points 
 ZO, YO – (Z, Y) coordinates of obtained trajectory’s subsequent points 
 α – initial angle of the crossed four-bar mechanism 
 β – angle of the tibial link fixed with the tibia 
 ΔSi   – maximum length change of the cylinder – stroke (i: 1 – anterior, 2 – posterior, 3 – main) 
 ФKnee – angle of the knee joint’s flexion/extension movement in the sagittal plane 
 “-“ – value did not exist in the particular experiment 
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